A simple data processing algorithm i s presented for estimating the density of v e h i c u l a r t r a f f i c f l o w on detectors. Using flow and occupancy data from adjacent freeways between t w o conventional (presence) type loop d e t e c t o r s t a t i o n s , a simple scalar Kalman f i l t e r is derived under assumption of homogeneous (in space) flow conditions. Correction for inhomogeneous conditions is provided by a bias detection-compensation technique based on the generalized likelihood ratio method. ACcurate performance over a wide range of speed-density flow conditions is d e m n s t r a t e d .
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Problem Developnent
T r a f f i c s u r v e i l l a n c e as an a d j u n c t t o modern comp u t e r i z e d t r a f f i e s m t r o l systems r e l i e s i n c r e a s i n g l y on presence typevehicledetectors.
The ideal output of such devices i s a "0" i f no c a r i s above t h e d e t e c t o r and a "1" i f a c a r is present. Two q u a n t i t i e s which can be d i r e c t l y computed from the time history of zeroes v e h i c l e s passing a given detector station in a preand ones are: (1) vehicle-count data: the number of scribed interval of time (vehicular flow); and ( 2 ) roadway occupancy data: the percentage of time a vehic l e i s observed over the detector during the prescribed time interval a quantity which i s clearly dependent on
The problem is t o u s e these observations a t d i s c r e t e t h e v e h i c l e density in t h e proximity of t h e d e t e c t o r .
p o i n t s i n s p a c e t o i n f e r s p a t i a l c o n d i t i o n s , i n p a r t ic u l a r d e n s i t y ( v e h i c l e s p e r -m i l e ) , between the detect o r s .
. Kalman F i l t e r
Motivated by t h e r e s u l t s in Ill, 121, we have developed a novel density estimation algorithm that is both simple and capable of tracking density under spat i a l l y inhomogeneous conditions. Consider a s i n g l e l i n k of a freeway defined by t h e l o c a t i o n of upstream(u) and downstream (d) detector stations. Let A be the time interval over which temporal averaging of loop detecticm d a t a is performed and l e t k denote the discrete time index, with p ( k ) t h e s p a t i a l m e a n d e n s i t y a t time M between the stations. Let c (k) = t h e number of cars counted in (k-l)A 5 C (k) = t h e number of cars counted in (k-l)A 5 t < M a t t h e upstream detector station. t < kA a t t h e downstream d e t e c t o r s t a t i o n WC (k) = occupancy ( % ) measured a t upstream detector station over time interval
measured a t downstream d e t e c t o r
F i r s t , we note that a reasonable estimate of flow on t h e l i n k i s the average of flows a t t h e upstream and downstream ends of t h e l i n k , i . e . ,
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A l s o n o t e t h a t t h e d i f f e r e n c e C ( k ) -C (k) measures the change i n t h e number of c a r s on'the lin% during t h e number of vehicles on t h e l i n k and t h e number of I n t u i t i v e l y , i f t r a f f i c is s p a t i a l l y and temporally homogeneous, one should be able to relate temporal ave r a g e s t o s p a t i a l a v e r g e s .
Based on r e s u l t s of t h i s type, [ 3 , 4 ] , it is shown in [51 that u n d e r s p a t i a l l y homogeneous conditions, density is proportional to occupancy, with constant of proprotionality, a , which can be precomputed. Then, under s p a t i a l l y homogeneous conditions we have the approximation:
In [51 it i s shown t h a t w(k-1) and n ( k ) can be approximated as unbiased white processes with known variances Q and R respectively. A value of Q on the order of .1 cars/mile/lane and R in the range from 50 t o 100 veh/ mile/lane was found t o be valid over a wide range of flow conditions.
Given t h e model ( 2 ) , (3) we can design a onedimensional Kalman f i l t e r as a density estimation algorithm t h a t works well under spatially homogeneous cond i t i o n s , v i a :
where t h e f i l t e r g a i n i s given by
and the steady-state variance of the residual
is given by v = Q + 2 R + G 2 scopic simulation, and, under normal conditions, large
The algorithm has been studied using our microi n i t i a l e r r o r s i n t h e e s t i m a t e of p can be reduced every 5 seconds. T h i s i s a major improvement over s i g n i f i c a n t l y w i t h i n one minute with measurements taken previously developed techniques.
Detection and Compensation f o r Inhomogenous Flow
Recall that the underlying assumption behind (3) is t h e homogeneity of t r a f f i c . C l e a r l y any inhomogeneity, such as results with recurrent congestion or an (3) due to the developnent f o r e r r o r s in ( 3 ) ? To t h i s end, we consider a simple of spatial inhomogeneities --the onset of a bias of unknown s i z e V:
incident, may c a u s e t h e r e l a t i o n s h i p ( 3 ) t o f a i l . T h i s leads directly to the following idea: can we monitor t h e r e s i d u a l s ( 6 ) i n o r d e r t o d e t e c t s u c h inhomogenei t i e s and t o compensate the estimate ( 4 ) t o c o r r e c t model f o r t h e breakdown of
By using ( 2 ) in conjunction with (E), we have found t h a t we can estimate density under %traffic condit i o n s by:
(1) detecting the occurence of t h e b i a s and ( 2 ) estimating the most likelx time, 8 , when the bias occurred and i t s amplitude V . The approach adopted t o obt a i n t h e s e e s t i m a t e s i s the generalized likelihood r a t i o n (GLR) (see e.g., Willsky 161). A detailed der i v a t i o n f o r t h i s a p p l i c a t i o n i s a v a i l a b l e i n [ 5 1 . The e s s e n t i a l i d e a t o i s t o : (1) detect the occurrence of t h e b i a s produced by inhomogeneous conditions: and ( 2 ) compensate ( i . e . , s u b t r a c t o f f ) t h e e s t i m a t e d b ia s e s from the estimate and subsequent observations. All calculations are based on t h e r e s i d u a l sequence from t h e Kalman f i l t e r , w r i t t e n in terms of (8) as:
where g(k-6) is-the so called signature associated with t h e b i a s V and r ( k ) is a zero mean white sequence with variance given by ( 7 ) . I n t h i s , c a s e it can be shown that the signature g ( j ) = (1-H)'. Using g ( j ) and t h e r e s i d u a l sequence from ( 6 ) , t h e GLR method l e a d s t o a calculation of the likelihood, R (k,8) , that a bias occured a t time d . By maximizing Il(k,B) over a prescribed "window," we obtain 
An e s t i m a t e f o r t h e measurement b i a s V :an be obtained in the process of f i n d i n g t h e e s t i m t e e and used i n 
Once the estimate and measurements a r e compensated, we a r e t h e n i n a p o s i t i o n t o d e t e c t f u r t h e r c h a n g e s , i nc l u d i n g a r e t u r n t o normal conditions.
. Performance and Conclusions
The f i l t e r i n g , d e t e c t i o n and compensation algorithm was evaluated with an extensive collection of microscopic (individual vehicle) simulation runs and was found t o perform well over a wide r a n g e o f t r a f f i c flow conditions. Even with this extremely simple i d e a l i z a t i o n of t h e r e l a t i o n s h i p (8) between z and p , accurate density estimates were obtained; with five second measurement updates inhomogeneities were detected and compensated for within 1-2 minutes. Simulations with both heavy or r e c u r r e n t t y p e t r a f f i c c o n g e s t i o n a s w e l l as incident conditions (e.g., blocked lanes)
were employed. The success of this approach in connection with incident conditions has motivated use of this methcdology for use in incident detection as described in [ 7 ] .
